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We report on a study of Seebeck coefficient and resistivity in the quasi-one-dimensional conductor
(TMTSF)2PF6 extended deep into the Spin-Density-Wave(SDW) state. The metal-insulator tran-
sition at TSDW = 12 K leads to a reduction in carrier concentration by seven orders of magnitude.
Below 1 K, charge transport displays the behavior known as Variable Range Hopping (VRH). Until
now, the Seebeck response of electrons in this regime has been barely explored and even less under-
stood. We find that in this system, residual carriers, hopping from one trap to another, generate
a Seebeck coefficient as large as 400 kB/e. The results provide the first solid evidence for a long-
standing prediction according to which hopping electrons in presence of Coulomb interaction can
generate a sizeable Seebeck coefficient in the zero-temperature limit.
The Seebeck coefficient, a measure of entropy per mo-
bile particle [1–4], behaves differently in metals and insu-
lators. In a Fermi-Dirac distribution, entropy is confined
to an energy window centered at the Fermi energy with
a width of kBT . A fixed population of mobile electrons
share this shrinking entropy when a metal is cooled down.
Therefore, the diffusive Seebeck coefficient of a metal,
below the degeneracy temperature, has an upper limit
of pi
2
3
kB
e ∼ 288 µV/K and its linear decrease with tem-
perature reflects the quadratic temperature dependence
of the energy shift between the chemical potential and
the Fermi energy[3]. In an insulator, both entropy and
mobile carriers vanish at zero temperature and the fate
of the Seebeck coefficient depends on the relative rate of
decrease in these two vanishing quantities. Since there is
a well-defined energy gap, ∆, between the chemical po-
tential and the nearest occupied energy level, the Peltier
coefficient would be of the order of ∆ and the Kelvin re-
lation implies the Seebeck coefficient to be proportional
to the inverse of absolute temperature [2](See Fig. 1).
Any real insulator cooled down towards zero tempera-
ture, however, would end up entering a regime in which
electronic transport is governed by carriers trapped in lo-
cal defects and jumping from one site to another, a regime
dubbed Variable Range Hopping (VRH) (See Fig.1c).
Would this impede the survival of a finite Seebeck co-
efficient in the zero-temperature limit? In spite of sev-
eral theoretical proposals addressing this question[5–9],
no satisfactory response has been given to this ques-
tion. There is not theoretical consensus, as theorists
have variously predicted that in insulators cooled down
to the lowest achievable temperature, one is expected
to see a vanishing[5], a finite[7], or a diverging [but
unmeasurable][9] Seebeck coefficient. On the experimen-
tal side, there is no track of a result providing a definite
answer to this question. A large Seebeck coefficient was
found in early experiments on semiconducting silicon and
germanium[10, 11], but the data acquisition was inter-
rupted at a temperature too high to resolve the asymp-
tomatic response in the zero-temperature limit.
In this paper, we present a study of electric re-
sistivity and Seebeck coefficient in (TMTSF)2PF6, a
quasi-one-dimensional conductor, known to go through
a nesting-driven Spin-Density-Wave instability(SDW) at
TSDW = 12 K. As the first pressure-induced organic
superconductor[12], this Bechgaard salt has been subject
to numerous studies during more than three decades(See
[13, 14] for recent reviews). According to our findings,
below 1 K, electric resistivity displays a VRH tempera-
ture dependence and concomitantly the Seebeck coeffi-
cient rapidly increases with decreasing temperature, at-
taining a magnitude as large as 37 mV/K at T ∼ 0.1
K. A quantitative description of our thermoelectric data
is missing. Nevertheless, this is the first explicit experi-
mental confirmation of the persistence of a finite Seebeck
coefficient in an insulating solid in the zero-temperature
limit. We argue that this arises as a consequence of
the huge number of configurations available to a hop-
ping electron. Our result is in qualitative agreement with
those subset of theoretical proposals[7–9], which do not
predict a vanishing fate for the Seebeck coefficient in a
zero-temperature insulator.
Fig. 2a shows the temperature dependence of the re-
sistivity. As found in previous studies [15–18], the SDW
transition drastically affects resistivity. Cooling the sam-
ple down to 0.2 K leads to a seven-order-of-magnitude
enhancement in resistivity. Between 10 K and 1 K, it
follows an activated behavior with a temperature depen-
dence expressed as ρ ∝ exp(∆/kBT ) and the extracted
∆ of 20 K is comparable with what was previously re-
ported and what is expected for a mean-field transition
occurring at 12 K. Below 1 K, we resolve a clear down-
ward deviation from the activated behavior. Note that
the million-fold increase in resistivity indicates that the
carrier number has dropped to a level that there remains
one mobile electron per 106 TMTSF. This puts an upper
limit to the number of surviving residual carriers after
cooling down to this temperature. This is an insulator,
in the strict sense of the term, a solid with divergent
unsaturated resistivity lacking mobile electrons at zero
temperature.
One source of residual carriers at finite temperature
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FIG. 1: a) In a metal, the average thermal energy of a
carrier, which sets the Peltier coefficient, Π, is quadratic in
temperature. With decreasing temperature, mobile entropy
shrinks but carrier number does not change. As a consequence
of Kevin relation (Π = ST ), the Seebeck coefficient is T-
linear. b) In an insulator , the average thermal energy of
a carrier is T-independent, set by the distance between the
closest occupied level and the chemical potential. Both the
carrier number and entropy vanish at zero temperature. If the
carrier number decreases faster, the Seebeck coefficient will
increase with decreasing temperature. c) Real insulators will
eventually enter the Variable Range Hopping regime, where
Coulomb interaction opens a soft gap (∆ES) in the vicinity of
the chemical potential. What happens to the thermoelectric
response at temperatures below this gap?
are crystal defects, potential wells holding trapped charge
carriers. Electric conductivity in this context is described
along the lines first drawn by Mott[19] and dubbed Vari-
able Range Hopping[20, 21]. In agreement with a pre-
vious study [16], we find that resistivity below 1 K can
be described by the expression ρ ∝ exp[(T/T0)−γ ]. How-
ever, our results cannot pin down the magnitude of γ
which can be a number between 1/3 and 1/2 as seen in
Fig. 2c and 2d.
We now turn our attention to the Seebeck coefficient
and its temperature dependence illustrated in Fig. 3. As
seen in the inset of Fig. 3a, the SDW transition leads to a
jump in the Seebeck coefficient, as reported by previous
studies[22–24]. The magnitude of the positive jump in S
seen here is larger than what was reported by previous
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FIG. 2: a) Temperature dependence of resistivity in a loga-
rithmic plot; Resistivity increases by more than seven orders
of magnitude. As seen in the inset, over a wide temperature
window (10 K to 1 K), it follows an activated behavior. b)
Crystal structure of the Bechgaard salt (TMTSF)2PF6. c)
and d) Below 1 K, resistivity displays a exp[(T/T0)
−γ ] be-
havior characteristic of VRH. Semi-logarithmical plots of ρ
vs. T−1/3(c) or T−1/2(d) both yield quasi-straight lines at
low temperature end.
works (See the supplement). It is concomitant with a
sharp jump in resistivity and a lambda-anomaly in spe-
cific heat [25, 26], all three confined to a very narrow
window near the critical temperature.
Below the SDW transition temperature, the Seebeck
coefficient follows an activated behavior |S| ∝ ∆/kBT
with ∆ ∼ 20-30 K, which is comparable with the one ex-
tracted from resistivity, and peaks to approximately 0.5
mV/K at T ∼ 2 K. This is concomitant with a peak in the
Peltier coefficient (extracted using the Kelvin relation)
of 1 mV (see the lower inset of Fig. 3b), quantifying the
average thermal energy carried across the gap. A large
Seebeck coefficient with a Seebeck coefficient roughly pro-
portional to the inverse of temperature has been seen in
several quasi-one-dimensional organic conductors upon
the entry of the system in the SDW state[27, 28]. A
new and unexpected behavior is detected upon further
cooling. Below a local peak at T ∼ 2 K, a spectacular
enhancement in the Seebeck coefficient, with S ∝ T−2.5 is
detectable as soon as the system enters the VRH regime
below 1 K. This result, a Seebeck coefficient attaining a
magnitude as large as 37 mV/K, almost 400 times kB/e is
the main new result of the present paper. It is highlighted
in the upper inset of Fig. 3b by presenting a linear plot of
the data. The enhancement below 1 K easily dwarfs the
anomaly seen at the SDW transition. The lower inset
of Fig. 3b presents the temperature dependence of the
Peltier coefficient. Its low-temperature magnitude im-
plies that hopping electrons carry an average energy of
4 meV at 0.13 K. Let us examine the possible origins of
this colossal thermoelectric response.
Phonon drag can lead to a large amplification of the
Seebeck coefficient[2, 4] in cryogenic temperatures. This
happens when thermally-induced flow of phonons pull
electrons along their way giving rise to a finite electric
3FIG. 3: a) Temperature dependence of the Seebeck coeffi-
cient in the vicinity of the SDW transition. Below the tran-
sition temperature, the Seebeck coefficient follows a T−1 de-
pendence as indicated by a solid line. The inset shows the
anomaly at the SDW transition. b) Temperature dependence
of the Seebeck coefficient in a logarithmic plot. The magni-
tude of the Seebeck coefficient attains 37 mV/K at 0.13 K.
The lower left inset shows the temperature dependence of the
Peltier coefficient Π = ST . The upper right inset shows the
data in a linear plot. Solid and empty circles represent data
obtained on two different samples with two different set-ups.
field. As recently argued[9], it cannot paly a major role
here. A large phonon drag contribution suddenly setting
in below 1 K is implausible, since the electron-phonon
coupling is weak and lattice thermal conductivity rapidly
decreasing.
Can the result be an experimental artefact caused by
the large resistance of the sample? This is also unlikely.
We measured three different samples which yielded com-
parable results. Moreover, as seen in the figure, there
is a satisfactory match between the low-temperature
data (obtained in Tokyo on one sample) and the high-
temperature data (acquired in Paris on another sample).
Our standard one-heater-two-thermometer set-up is illus-
trated in Fig.4. A similar setup has been used to measure
the sub-Kelvin thermoelectric response in a variety of
solids including heavy-electron metals[32, 33], supercon-
ducting thin films[34] and semimetals[35]. An additional
complication in our case is the sample resistance, as large
as 10 MΩ at the lowest temperature. However, the input
impedance of the measuring instrument was two orders
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FIG. 4: a) For measuring the Seebeck coefficient, a heat
current was injected to the sample by passing a current though
the heater and measuring both the temperature gradient and
the voltage difference created by this heat current. b) For
measuring the electrical resistivity, a current was injected in
to the sample and the voltage difference created by this charge
current. In both cases, the voltage was measured in the same
way by the same electrodes and the same instrument.
of magnitude larger than this. The same instrument was
used to measure the voltage in our resistivity measure-
ment, with reliable results. We cannot think of any ex-
perimental artefact leading to the large ratio of voltage
to thermal gradient observed here(See the supplement for
more details).
As seen above, the drastic enhancement in the See-
beck coefficient is concomitant with the entry to the VRH
transport regime detected by resistivity. It is therefore
natural to look for an additional source of thermoelectric
response associated with this regime. Mott[19] argued
that when carriers hop from one site to the other with a
probability proportional to exp(−W/kBT − 2R/ξ) (W is
the energy separation and R is the spatial distance be-
tween the two sites, while ξ is the localization length of
the hopping electron), the expression for electric conduc-
tivity in a system with dimension d becomes:
σ ∝ exp[−(T0/T )1/d+1] (1)
Efros and Shklovskii showed that a finite Coulomb in-
teraction leads to a significant depopulation of the oc-
cupied sites in the immediate vicinity of the chemical
potential and the opening of a soft gap, ∆ES [38]. The
resulting expression for electric conductivity is indepen-
dent of dimensionality :
σ ∝ exp[−(T ′0/T )1/2] (2)
The presence of this Coulomb gap is expected to be-
come visible when the temperature is low enough such
that kBT < ∆ES . In practice, as our present data shows
4(See Fig. 2c and 2d), it is hard to distinguish between the
two kinds of stretched exponentials. Burns and Chaikin
argued that the fate of the thermopower in the zero-
temperature limit is drastically modified by the presence
of the Coulomb gap[7]. In the absence of the Coulomb
gap, thermopower should be vanishing:
S(T ) |V RH∝ T d−1/d+1 (3)
In three dimensions (d = 3), this expression is identical
to the one first found by Zvyagin [5] (S(T ) ∝ (TT0)1/2).
On the other hand, Burns and Chaikin argued that in
presence of Coulomb gap, thermopower will remain finite
in the low-temperature limit:
S(T ) |ESV RH∝ S0 (4)
Later and with detailed calculations, Lien and Toi con-
firmed this conclusion[8]. However, this theoretical pre-
diction has never been confirmed by experiment. To put
it in a few words: Can the Seebeck coefficient of a solid
remain finite in the zero-temperature limit, the third law
of thermodynamics notwithstanding? To the best of our
knowledge, this fundamental question is answered for the
first time by the observation reported here.
Many questions remain unanswered. Is this result
generic to all semiconductors cooled below their Coulomb
gap in the VRH regime? Available reports on thermo-
electric response in archetypal semiconductors such as
silicon[11, 39] and germanium[10, 40, 41] resolve a large
Seebeck coefficient down to the lowest temperature of
measurement. But the data stops above 5 K. Only in
metallic samples of silicon[42] or germanium[41] (that is,
with carrier density above the threshold of the metal-
insulator transition), a vanishing thermopower in the
low-temperature limit has been resolved. Therefore, the
thermoelectric response of band insulators in the VRH
limit remains an open question[37]. Here, the robust in-
sulating ground state owes its existence not to a band
gap, but to a many-body gap opened by a SDW tran-
sition. Does this matter? This is another open ques-
tion. Because of the incommensurability of the SDW or-
der in (TMTSF)2PF6, one expects the presence of collec-
tive excitations known as phasons deep inside the ordered
state[31]. We note also that another unsolved enigma is
the electric-field dependence of non-linear conductivity
below 1 K [18]. One may wonder about the relevance
of these other puzzling features of (TMTSF)2PF6 to the
observation reported here.
If a large Seebeck coefficient happens to be a generic
feature of an insulator cooled below the temperature cor-
responding to its Coulomb gap, then a new research
avenue opens up. How to quantify the Seebeck coeffi-
cient of hopping electrons in each system? The Heikes
formula[43] is often used to describe the magnitude of the
thermoelectric response by hopping electrons. As Mott
noted long ago[19], this formula assumes a single hopping
probability for all sites and therefore, it cannot be read-
ily used in the VRH regime. The connection between
the energy landscape carved by defects in a real insula-
tor and the low-temperature thermoelectric response is
an unexplored field of research. The configurational en-
tropy of each hopping electron is the information which
travels with it. Therefore, there are potential links to the
emerging field of thermodynamics of information[44].
In summary, we measured the Seebeck coefficient
(TMTSF)2PF6 down to very low temperatures and found
that the entry to the VRH regime is concomitant with a
very large enhancement of the Seebeck coefficient, which
attains a magnitude as large as 37 mV/K implying that
a finite Seebeck coefficient can persist in a solid in the
zero-temperature limit.
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Figure S1 The measured thermal gradient and
thermoelectric voltage in absence and in presence of a heat
current at two different temperatures. As the tempertaure
decreases the resistance of the sample increases making the
output voltage noisier. In spite of the large noise level, a
clear shift in the voltage can be clearly resolved at both
temperatures.
Appendix A: Experimental methods
Single crystals of (TMTSF)2PF6 with dimensions of
approximately 2.0 × 0.1 × 0.1 mm3 were grown by a con-
ventional electrochemical technique from commercially
available products in 1,2-dichloroethane electrolyte so-
lutions.
The Seebeck coefficient was measured using a steady-
state two-thermometers, one-heater technique. A ther-
mal gradient was applied along the sample by heating a
chip resistor with the Joule effect. The thermal gradient
∆T = T1 − T2 was determined by measuring the local
temperature with two thermoemeters (Cernox resistors
in the 4He cryostat and RuO2 resistors in the
3He-4He di-
lution refrigerator). The thermoelectric voltage ∆V was
measured by a digital nanovoltmeter. The experimen-
tal uncertainties arising from the measurements of the
thermoelectric voltage and the thermometer resistances
are about 10 % in the Seebeck coefficient at the lowest
temperature and less than 1 % at 1 K.
Two samples were measured in a 3He-4He dilution re-
frigerator from 4 K down to 0.1-0.2 K (in Tokyo). An-
other sample was measured in a 4He cryostat from 30 K
down to 2 K (in Paris). A satisfactory match was seen be-
tween different sets of data in the range they overlapped.
In order to prevent cracks during the cooling process, the
sample was slowly cooled with rates of ∼ 0.1-0.3 K/min.
The heat current jQ was applied along the a-axis, the
highest conductivity direction of the system.
A stability of better than 0.001 % of both sample tem-
perature readouts was achieved in the entire measure-
ment range. For each stabilized bath temperature, a
temperature difference of the order of 1 to 5 % of the
average temperature was applied, with T¯ = (T 1 − T 2)/2
being the mean temperature.
To achieve good thermal contacts, the thermometers,
the heater and the cold finger were connected by gold
6wires and silver paint to gold electrodes evaporated on
the surface of the sample. The contact resistances were
a few ohms. The same contacts and gold wires were used
for the electrical connection for the measurement of ther-
moelectric voltage. The gold wires were switched to the
superconducting wires on the thermometry for thermal
isolation of the sample. The thermometer and heater
chips were suspended by polyimide tubes and electrical
connections were made with manganin wires. The heat
loss along the wires and suspensions for the thermometry
is estimated to be a factor of 1000 smaller than the heat
flow through the sample.
In general, the measured thermoelectric voltage is the
difference of the thermoelectric power of two materials in
contact, namely gold and (TMTSF)2PF6. In this case,
the fact that the Seebeck coefficient is two to six orders of
magnitude smaller in gold than in (TMTSF)2PF6 allows
us to neglect the contribution of gold and the measured
S is approximated to be the absolute Seebeck coefficient
of (TMTSF)2PF6.
The same setup was used to measure the Seebeck coef-
ficient of the heavy-Fermion compound YbRh2Si2 using a
comparable size of crystal in the same temperature range
[S1]. The results are reasonably consistent with those ob-
tained by the different group utilizing the different setup
[S2].
The same contacts and wires were used for the elec-
trical resistivity measurements by a four-point technique
(See Fig. 4). A DC current j was applied along the
a-axis of the sample using the superconducting wire at-
tached on the heater and the same nanovoltmeter with
an input impedance of 10 GΩ, well above the resistance
of the sample even at the lowest temperature (R ∼ 10
MΩ), was employed for the measurement of electrical
voltage. As seen in Fig. S1, at low temperatures, in
spite of the large resistance of the sample, the signal to
noise ratio is large enough to allow a clear resolution of
the voltage produced by the thermal gradient. We also
checked that we remain in the linear response regime, by
applying different temperature gradients and finding that
the voltage-to-temperature-gradient ratio at a given tem-
perature is insensitive to the magnitude of the thermal
gradient.
Appendix B: Reproducibility
To check the reproducibility of our low-temperature
data, two different samples were measured in the dilu-
tion refrigerator. Figure S2a shows the temperature de-
pendence of the resistance R of the two samples. R be-
comes as large as 10 MΩ at the lowest temperature, but
both impedances are much smaller than the impedance
of nanovoltmeter (10 GΩ). As shown in Fig. S2b, while
the resistance is different in the two samples, their re-
sistivity is similar and in fair agreement with a previous
report[S3].
The Seebeck coefficient, S, measured for both sam-
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Figure S2 Temperature dependence of a) the resistance, b)
the resistivity and c) the Seebeck coefficient S for two
different samples. The data for sample no. 1 and no. 2 are
represented by red circles and blue squares, respectively.
ples are shown in Fig. S2c. As seen in the figure, there
is a reasonable agreement between the two sets of the
data. We conclude that the low-temperature upturn of
the Seebeck coefficient in the VRH regime leading to a
finite value in the zero-temperature limit is reproduced
in two samples. However, our data does not allow us to
conclude if the magnitude of this residual term is sample-
dependent or not.
Appendix C: Comparison of the SDW anomaly with
previous measurements
Fig. S3 compares our thermopower data across the
SDW transition (TSDW ≈ 12 K) with three earlier re-
ports[S4,S5,S6]. As seen in the figure, qualitatively, the
four set of results resolve a similar anomaly at TSDW .
But, the positive jump in thermopower has different am-
plitudes in the four set of data. The jump we resolved is
much larger than those seen by the three other groups.
The most plausible source for this discrepancy is the mag-
nitude of the applied thermal gradient. In our case we
applied a temperature difference as low as 0.2K which
is only 1.5 percent of the absolute temperature. Usu-
ally, one applies temperature gradients larger than this,
which would be fine when the Seebeck coefficient does
not go through a drastic change with temperature. In
this case, however, since the Seebeck coefficient is chang-
ing sign, the application of a thermal different as small
as 0.5 K (that is only 5 percent of the absolute temper-
ature) would drastically squeeze the magnitude of the
sign change in Seebeck coefficient. Since the magnitude
of the thermal gradient is not indicated in earlier works,
we cannot be sure that this is the origin of the discrep-
ancy.
Let us note that there is correlation between the mag-
7Figure S3 Left: The temperature dependence of the
Seebeck coefficient across the SDW transition according to
our data and those reported by three earlier works. Right:
The variation of the temperature difference, the voltage
difference and the seebeck coefficient across the transition
according to our data.
nitudes of Seebeck and specific heat anomalies. Accord-
ing to our data, the jump is ∆S ' 30 µVK−1 for ther-
mopower and ∆C ' 1.3 JK−1mol−1for specific heat[S7]
. Multiplying ∆S by eNAv (e is the electron charge and
NAv is the Avogadro number), one find half of ∆C. This
in additional support for the accuracy of our data near
TSDW . We note also that this is a minor difference in
face of the drastic enhancement of the Seebeck coefficient
at low temperatures.
Appendix D: Available data on germanium and
silicon
Is our finding generic to all semiconductors? The an-
swer to this question is not known. The low-temperature
thermoelectric response of semiconductors below the crit-
ical doping for metal-insulator transition has not been
measured down to very low temperatures. This is true
even in the case of the archetypical semiconductors, such
as silicon and germanium. To the best of our knowledge,
there are only a few studies devoted to them. In doped
germanium with low arsenic concentrations, the Seebeck
coefficient was reported to increase up to ∼ 5 mV/K with
decreasing temperature down to 5 K in the regime where
the resistivity shows a (VRH-like) behavior [S8]. Similar
rapid increases of the Seebeck coefficient were also ob-
served in barely doped germanium [S9] and silicon [S7,S8]
while the lowest measured temperature was as high as ∼
20 K. Fig. S3 compares the data for germanium [S8,S9]
and silicon [S10,S11], respectively. As seen in the fig-
ures, in the least-doped sample, the Seebeck coefficient
remains finite down to the lowest temperature investi-
gated. However, further studies of the low-temperature
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Figure S4 The Seebeck coefficient of a) lightly doped
germanium (adapted from Ref. [S4,S5]) and b) lightly doped
silicon (adapted from Ref. [S6,S7]). The carrier
concentration of each sample is indicated in the figures.
Seebeck coefficient are required to see whether it survives
in the zero temperature limit.
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